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Abstract
To investigate the mechanism of sex determination in the germ line, we analyzed the fate of XY germ
cells in ovaries, and the fate of XX germ cells in testes. In ovaries, germ cells developed according to
their X:A ratio, i.e., XX cells underwent oogenesis, XY cells formed spermatocytes. In testes, however,
XY and XX germ cells entered the spermatogenic pathway. Thus, to determine their sex, the germ cells
of Drosophila have cell-autonomous genetic information, and XX cells respond to inductive signals of
the soma. Results obtained with amorphic and constitutive mutations of Sxl show that both the genetic
and the somatic signals act through Sxl to achieve sex determination in germ cells.
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Summary 
To investigate the mechanism of sex determination in 
the germ line, we analyzed the fate of XY germ cells 
in ovaries, and the fate of XX germ cells in testes. In 
ovaries, germ cells developed according to their X:A 
ratio, i.e., XX cells underwent oogenesis, XY cells 
formed spermatocytes. In testes, however, XY and XX 
germ cells entered the spermatogenic pathway. Thus, 
to determine their sex, the germ cells of Drosophila 
have cell-autonomous genetic information, and XX 
cells respond to inductive signals of the soma. Results 
obtained with amorphic and constitutive mutations of 
Sxl show that both the genetic and the somatic signals 
act through Sxl to achieve sex determination in germ 
cells. 
Introduction 
Our understanding of the genetic control of sex determi- 
nation in Drosophila is rapidly progressing as far as so- 
matic cells are concerned. A primary chromosomal sig- 
nal, formed by the number of X chromosomes relative to 
sets of autosomes, the so-called X:A ratio, regulates the 
key gene Sxl (Sex-lethal), which in turn controls a small 
cascade of regulatory genes. The state of activity of Sxl, 
via fra (transformer), tra-2 (transformer-2) and ix (intersex) 
regulates dsx (double-sex) on whose differential expres- 
sion all aspects of somatic sex eventually depend (for re- 
view, see Nijthiger and Steinmann-Zwicky, 1985; Baker et 
al., 1987; Wolfner, 1988). 
Disappointingly little, however, is known about how sex 
is determined in the germ line. In principle, two mecha- 
nisms can lead to oogenic differentiation in females and 
spermatogenic differentiation in males: Sex determina- 
tion in the germ line may either rely on cell-autonomous 
genetic information, or it may be imposed on the germ 
cells by inductive somatic signals. Our aim was to find out 
which mechanism determines the sex of the germ cells in 
Drosophila. 
In Drosophila, the progenitor cells of the germ line are 
the so-called pole cells that form at the posterior pole of 
the preblastoderm embryo. They can be transplanted 
from donor embryos into host embryos where they may 
become integrated into the developing gonad (Illmensee, 
1973). Several experiments (Illmensee, 1973, 1978; Van 
Deusen, 1976; Marsh and Wieschaus, 1978; Schiipbach, 
1982, 1985) have shown that functional eggs were only 
formed by XX cells in ovaries, and functional sperm only 
by XY cells in testes. The fate of XX and XY germ cells 
in gonads of the opposite sex remained unknown, al- 
though it was-somewhat precipitately-inferred that they 
had cell-autonomously entered the oogenic and sper- 
matogenic pathway, respectively (Van Deusen, 1976). In 
these experiments, the hosts had a chimeric germ line 
composed of genetically marked host and donor germ 
cells that could only be distinguished when they gave rise 
to progeny displaying the corresponding genetic markers. 
Since the test only allowed the detection of functional ga- 
metes, the authors were unable to tell whether germ cells 
differentiated cell-autonomously in a heterosexual host or 
were forced to undergo nonfunctional sex-reversion, or 
were eliminated due to developmental competition and in- 
terference between donor and host cells. 
We have now analyzed the fate of XY germ cells in ova- 
ries of pseudofemales; these are XY animals that are 
genetically transformed into phenotypical females (Mc- 
Keown et al., 1988). We have also performed pole cell 
transplantations. In these experiments, we wanted to fol- 
low the development of germ cells in host gonads of oppo- 
site sex by direct observation, and score their sex and de- 
velopmental performance. To this end, we constructed 
mosaic animals whose germ line consisted exclusively of 
donor cells. This was achieved by using host embryos that 
were devoid of germ cells because their mothers were 
homozygous for a mutation with a maternal effect, oskar 
(os~~~~), that prevents the formation of pole cells (Leh- 
mann and Nusslein-Volhard, 1986). The only germ cells 
present in such hosts are those transplanted from donor 
embryos. 
It has been known for some time that the genes @a, ffa- 
2, ix, and dsx, which control somatic sex determination in 
Drosophila, are not involved in determining the sex of the 
germ line (Marsh and Wieschaus, 1978; Schtipbach, 
1982). The key gene Sxl, which regulates both somatic sex 
determination and dosage compensation (Cline, 1978, 
1984; Lucchesi and Skripsky, 1981; Sanchez and Noth- 
iger, 1982, 1983; Gergen, 1987) is required for proper oo- 
genesis (Schupbach, 1985; Perrimon et al., 1986; Salz et 
al., 1987; Steinmann-Zwicky, 1988). But since this gene 
has at least two different functions, it is not clear whether 
it is needed for determining the sex of the germ line or for 
some other function. To test whether the state of activity 
of Sxl dictates the sexual pathway to germ cells, we trans- 
planted pole cells with either wild-type or amorphic (loss 
of function) or constitutive (gain of function) alleles of Sxl. 
Our results show that a genetic signal, given by the X:A 
ratio, and an inductive signal, produced by the soma, both 
act through Sxl to achieve sex determination in germ cells. 
Results 
XY and X0 Germ Cells Enter the Male Pathway 
in Ovaries of Pseudofemales 
The transcript of the sex-determining gene tfa (tfans- 
former) is alternatively spliced in males and females SO 
that a translatable mRNA is only made in females (Boggs 
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Table 1. Gametogenesis in XY Pseudofemales 
Number of Ovaries with 
Age No Germ Cells Spermatocytes 
O-l 5 15 
2 5 16 
4 10 6 
6 5 0 
20 19 1 
The age of the flies is given in days after emergence. “No germ cells” 
means that the ovaries were either empty or contained degenerating 
material in which no cells could be recognized. 
et al., 1987). In a recent paper, McKeown et al. (1988) 
reported that a construct consisting of the female-specific 
cDNA of tra under control of the hsp70 promoter (hs-tra- 
female) transforms XY animals into females. The authors 
write that “such flies are invariably sterile, because their 
germ lines are not transformed to femaleness? We have 
examined the ovaries of such pseudofemales and found 
that they contain spermatocytes (Table 1). Pseudofemales 
of genotype X0 (data not shown) displayed the specific 
crystals that are formed when spermatocytes develop 
without a Y chromosome (Meyer et al., 1961). The shape 
of these crystals is dependent on the allelic state of an 
X chromosomal locus (see Experimental Procedures). Ge- 
notype FA.@/Oformed star-shaped crystals, whereas pseu- 
dofemales with a wild-type X chromosome formed sper- 
matocytes with needle-shaped crystals. When XY or X0 
pseudofemales were mated to fertile males, they frequent- 
ly had motile sperm within their ovaries. This was never 
observed in virgin animals, which shows that the sperm 
were transferred by males and that they found their way 
through the gonoducts into the ovaries where they remain- 
ed motile. Our analysis shows that germ cells with only 
one X chromosome enter the spermatogenic pathway in 
ovaries of pseudofemales, but do not complete it even if 
a Y chromosome is present. 
From the observations that cells with one X chromo- 
some form spermatocytes in ovaries of pseudofemales, 
one could conclude that germ cells have an inherent 
genetic signal to determine their sex. The analysis of 
pseudofemales, however, may not give a reliable result. 
Many ovaries that we examined were morphologically ab- 
normal, and about 10% were partly covered with the yel- 
low pigment that is typical for testes. The somatic XY tis- 
sue, although sexually transformed by the hs-&a-female 
construct, may still possess some male functions, one of 
which could be to induce spermatogenesis. 
The complementary situation is provided by pseudo- 
males, i.e., XX animals that are transformed into pheno- 
typical males by mutations causing loss of function of fra 
or fra-2. Their testes were found to contain both spermato- 
genie and oogenic germ cells (Seidel, 1963; Ft. Nbthiger, 
M. Jonglez, M. Leuthold, l? Meier-Gerschwiler, and T We- 
ber, unpublished data), which again does not give a clear 
answer as to how XX cells develop in a real XY male. In 
pseudofemales, XY cells do not develop in a truly female 
environment, nor do XX cells develop in a truly male envi- 
ronment in pseudomales. Truly heterosexual combina- 
tions can be obtained by transplantation of pole cells. 
Chimeric Flies Produced by Pole 
Cell Transplantation 
We transplanted pole cells from single donor embryos into 
agametic host embryos. Thus, the gonads of our hosts are 
empty unless they integrated donor germ cells. Since 
transplantations are performed blindly, female and male 
hosts may have received XX or XY donor germ cells. 
Genetic markers and the occurrence of crystals are used 
to infer the karyotype and the genotype of the transplanted 
germ cells (see Experimental Procedures). In the follow- 
ing text, we will strip the results from the genetic terminol- 
ogy as far as possible, and include the details of the 
genetic argumentation in the legends to the tables. 
The first set of results is summarized in Table 2. The 13 
fertile females gave progeny of both sexes whose genetic 
markers disclosed that all these females had received 
pole cells with two X chromosomes. The seven host fe- 
males that were sterile, but had fully developed ovaries 
with mature eggs, must also have received germ cells with 
two X chromosomes (see below). 
The males that were fertile produced sons and daugh- 
ters exhibiting the expected X-linked and Y-linked markers. 
This result shows that the germ cells of all these males 
had an XY karyotype. If pole cells with two X chromo- 
somes had produced functional sperm, the cross would 
have yielded a unisexual progeny of only daughters. 
XY Germ Cells Enter the Male Pathway in Ovaries, 
but So Do XX Germ Cells in Testes 
Thus far, our results confirm earlier reports that no func- 
tional gametes are formed in heterosexual combinations 
of germ line and soma. The sterile hosts now proved more 
interesting and informative. Many hosts had small and 
agametic gonads because they did not integrate the trans- 
planted germ cells. The ovaries of 24 females of series 2, 
however, were somewhat enlarged and contained cysts 
that were filled with spermatocytes (Figure IA). Between 
30 and 1000 cells were present in a cyst; some were small 
undifferentiated germ cells, others were clearly spermato- 
cytes, many cells were degenerating. Crystals, which are 
formed when spermatocytes develop without a Y chromo- 
some (Meyer et al., 1961) were never observed in this ex- 
periment. We conclude that a Y chromosome was present 
and active, and that the spermatocytes were of genotype 
XY and had cell-autonomously chosen the male pathway. 
This conclusion is supported by the experiments of series 
4 and 5 (Table 3) in which X0 germ cells developing in 
ovaries formed spermatocytes with crystals (Figure 1E). 
Table 2 lists ten sterile males. Two of these had testes 
of normal size and shape with immotile sperm and with 
many degenerating spermatocytes, and the one of series 
2 produced crystals. Eight males had small testes that 
were uncoiled or only partially coiled, containing mostly 
degenerating spermatocytes; two of these formed crystals 
(Figure 16) whereas in the remaining six spermatogene- 
sis was arrested at a stage before crystals could form. The 
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Table 2. Homo- and Heterosexual Combinations of Pole Cells and Soma 
Number of Host Females 
and Deduced Karyotype 
of Donor Germ Cells 
Number of Host Males 
and Deduced Karyotype 
Number of Number of Sterile, 
of Donor Germ Cells 
Series 
Injected 
Embryos 
Adult 
Females Fertile 
Normal 
Ovaries Spermatocytes 
Number of lmmotile 
Adult Males Fertile Sperm Spermatocytes 
1 96 15 1 2 0 12 4 1 0 
x/G? x/G X/Y xc3 
2 564 130 12 5 24 125 27 1 6 
XIX XIX X/Y XIY XIX XIX 
Pole cells were taken from single embryos and transplanted into agametic host embryos deriving from homozygous osk3”’ mothers. The adult 
hosts were individually test-crossed to y v f’ ma/W males, or to virgins of various genotypes. Those that produced no offspring Ere dissected 
and their gonads microscopically inspected. The deduced karyotype of the transplanted pole cells is given below the numbers. XY denotes an 
X and a Y Chromosome attached to a single centromere. All chromosomr\es carry the wild-type allele .9x/+. 
The donor embryos derived either from y v f’ ma/b2 females crossed to XY, y Y f’ mafbz/y+Y.ma/+ males (series I), or froaa wild-type Oregon 
R stock (series 2). In series 1, the female donor embryos carried the maternal X chromosome and the paternal attached XY, both marked with 
y v f1 malbz; the male donor embryos carried the maternal X marked with y v f’ malbr and the paternal Y chromosome that was marked with the 
wild-type alleles y+ and ma/+. 
In the text, we conclude that functional eggs were only formed by XX cells. If XY germ cells had developed into functional oocytes, we would 
have seen sons carrying the doubly marked Y chromosome y+ Y.ma/+ (series l), or displaying the X-linked mutations of the tester male (series 
2). No such sons were observed. 
Not mentioned in the text is the formal possibility that spermatocytes with crystals would also be observed if the transplanted germ cells had been 
X0 due to meiotic nondisjuction, and not XX. But we reject this possibility because we would have to assume a frequency of meiotic nondisjunction 
that would be about two orders of magnitude higher than expected by experience, and because X0 germ cells would consistently produce mature 
immotile sperm. 
crystals show that no Y chromosome is present, which 
leads us to conclude that the spermatogenic ceils in these 
males were of genotype XX. This experiment then demon- 
strates that XX germ cells enter the male pathway in a 
male environment. 
This first set of results tells us that the germ cells do 
have an inherent genetic signal to determine their sex, 
since XY cells enter spermatogenesis independently of 
the sex of the host. Nevertheless, an inductive signal also 
exists. This is either a male-determining signal that forces 
all germ cells into spermatogenesis in a male environ- 
ment, or it is a female-determining signal that is required 
for XX cells to enter the female pathway. Thus, sex deter- 
mination in the germ line is subject to two components: a 
cell-autonomous signal provided by the X:A ratio, and an 
inductive signal produced by somatic cells. 
The Role of Sxl 
A possible target for the sex-determining signals is the 
gene Sxl (Sex-lethal) which is known to be necessary for 
normal oogenesis (Schtipbach, 1985; Perrimon et al., 
1986; Salz et al., 1987; Steinmann-Zwicky, 1988). If the sig- 
nals regulate Sxl in the germ line, the state of activity of 
this gene alone could dictate the female or the male path- 
way to the cells. We thus decided to test this hypothesis 
by transplanting pole cells that were mutant for an 
amorphic (lack of function) allele, Sxl”, or for a constitu- 
tive (gain of function) allele, SxIM1 (Cline, 1978). The gene 
Sxl, located on the X chromsome, plays a key role in con- 
trolling dosage compensation and somatic sex determina- 
tion. It is well established that its state of activity in somatic 
cells is regulated by the X:A ratio (Cline, 1978). Lack of 
function of Sxl, e.g., Sxlfl, is lethal to XX animals because 
dosage compensation is abolished (Lucchesi and 
Skripsky, 1981; Gergen, 1987), but is compatible with sur- 
vival in cell clones, which in the soma are sexually trans- 
formed and produce male structures (Sanchez and Noth- 
iger, 1982). Constitutive expression of Sxl, e.g., SxlM1, 
leads to lethality of XY or X0 animals, and in somatic cell 
clones it can cause differentiation of female structures by 
X0 cells (Cline, 1979). 
The results of our pole cell transplantations involving 
Sxl mutations are given in Table 3. We will focus on the 
main points, leaving the details to the careful reader of the 
table. 
When XX Germ Cells Lack Sxl+ Activity, They Enter 
Spermatogenesis Even in Ovaries, and When 
They Carry the Gain of Function Allele SxP, 
They Enter Oogenesis Even in Testes 
The three series together produced 66 females whose 
ovaries had integrated transplanted germ cells (Table 3A). 
In 23 females, oogenesis was normal: when test-crossed, 
these females produced offspring whose phenotypes 
clearly revealed the XX karyotype and the genotype of the 
donor germ cells. The ovaries of the other 43 females 
were small: in six cases they contained mainly undifferen- 
tiated cells and young spermatocytes whose karyotype 
could not be determined; in 37 cases, however, the size 
of the spermatocytes, presence and shape of crystals, or 
absence of crystals, allowed us to infer the genotype of the 
transplanted pole cells. We see that XY or X0 cells enter 
an abortive spermatogenic pathway, confirming our re- 
sults of series 1 and 2. We now come to the interesting 
and conclusive genotypes, which are surrounded by bold- 
face lines. The ovaries of eight females (one in series 3, 
Figure 1. Differentiation of Germ Cells Developing in Host Gonads 
(a) Developing XY spermatocytes from series 2 in an ovarian cyst of a female host. The spherical nucleus with a diameter of some 15 to 20 pm, 
a light center in the nucleolus, and the assembly of mitochondria around the nucleus are the morphological criteria that identify spermatocytes 
(arrow). 
(b) Germ cells of XX karyotype from series 2 forming spermatocytes with needle-shaped crystals (arrows) and degenerating spermatocytes (arrow- 
heads) in the testis of a male host. 
(c) Spermatocytes in an ovary, formed by germ cells of genotype X/Z@, homozygous for Sxlr’ (series 4). 
(d) Fifteen nurse cells plus one oocyte (arrow) formed by genotype X, SxP’L@, .Sx/+ in a testis (series 5). 
(e) Ovarian cyst containing spermatocytes with star-shaped crystals (arrow), formed by genotype FM/O (series 5). 
Crystals are formed by spermatocytes when no Y chromosome is present. Their shape (needles or stars) is determined by an X chromosomal locus. 
All of our X chromosomes form needle-shaped crystals, except the balancer chromosome FM6, which carries a dominant allele that leads to star- 
shaped crystals. 
seven in series 4) contained small spermatocytes. The they must have two X chromosomes and must be homozy- 
presence of needle-shaped crystals showed that the one gous for the null allele SxP. Absence of crystals in the 
in series 3 had germ cells without a Y chromosome and spermatocytes of the other seven hosts showed that the 
that the balancer chromosome FM6, which would have paternal Y chromosome was present, and therefore also 
cause star-shaped crystals, was not present. Therefore, the paternal X chromosome that is attached to the Y. These 
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for 
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shape 
of 
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are 
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ental 
Procedures 
and 
legend 
to 
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1). ?, karyotype 
and 
genotype 
cannot 
be 
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ined, 
although 
the 
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3 and 
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4 (Table 
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probably 
germ
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absence 
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the 
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X chrom
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e 
as 
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of nondisjunction. 
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unlikely 
because 
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frequency 
is again 
m
uch 
too 
high; 
furtherm
ore, 
when 
XY 
germ
 
cells 
(series 
2) or 
X0 
germ
 
cells 
(intentionally 
produced 
in series 
4 and 
5) developed 
in an 
ovary, 
we 
observed 
that 
they 
always 
form
ed 
large 
sperm
atocytes 
which, 
when 
no 
Y is present, 
had 
clearly 
visible 
crystals 
(Figure 
1E). 
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Table 4. Summary of Main Results and Conclusions 
Donor Germ Cells Sexual Differentiation of Transplanted Germ Cells 
Karyotype Genotype in Testes in Ovaries 
XY sx/+ spermatogenesis spermatogenesis 
xx 
xx 
xx 
x0 
sx/+/sx/+ 
SXl”lSXl” 
Sxl”‘ISxl+ 
SXP 
spermatogenesis 
spermatogenesis 
oogenesis 
spermatogenesis 
oogenesis 
spermatogenesis 
oogenesis 
spermatogenesis 
Conclusion 
XY germ cells differentiate 
autonomously. 
Somatic induction acts on 
XX germ cells. 
Function of Sxl is required for 
female pathway. 
SxP’ overrules 
somatic induction. 
SxP has no effect on 
X0 germ cells. 
germ cells must have two X chromosomes and be of geno- 
type X, SxP/xrj! SxP (Figure 1C). The results demonstrate 
that germ ceils with two X chromosomes enter the male 
pathway, even in an ovary, when they lack Sxl+ function. 
In series 5, eight females contained spermatocytes with 
needle-shaped crystals, which identifies genotype X, 
SxlM1/O. Thus, the mutation SxPl, which has been de- 
scribed to express the female SxP function constitutively 
in the soma (Cline, 1979) is unable to direct X0 germ cells 
into the oogenic pathway, even in an ovary. 
The results for the male hosts are given in Table 36. The 
16 males of series 3 were not test-crossed, but the pres- 
ence of motile sperm indicates that they were of karyotype 
XY. Similarly, well-developed but immotile sperm and 
crystals in 28 males of series 4 and 5 (7+8 and 5+8) reveal 
the X0 karyotype of these males, and the shape of the 
crystals points out their genotype. The five males (series 
5) in which germ cells of genotype X, SxPVO formed im- 
motile sperm confirm Cline’s (1983) results that SxP’ has 
no effect on germ cells with an X:A ratio of 0.5. Two geno- 
types are of special interest and relevance (boldface 
boxes). In series 3, the two males carrying germ cells with 
two X chromosomes that are homozygous for the null al- 
lele SxP, and therefore should be male, nevertheless do 
not proceed beyond the spermatocyte stage. The most 
surprising result, however, is provided by the seven males 
that received pole cells with two X chromosomes and the 
mutation SxP. Their testes contained oogenic clusters 
consisting of 15 nurse cells and an oocyte (Figure ID). The 
most advanced oogenic stage was stage 7, which is the 
last stage before yolk uptake (King, 1970). Oogenesis in 
testes was never observed in the other four transplanta- 
tion series. Thus, XX germ cells, which consistently en- 
tered spermatogenesis in testes, can now choose the fe- 
male pathway if SxP is present. 
Discussion 
The general conclusions from our experiments are that 
the germ cells of Drosophila have an inherent genetic sex, 
specified by the X:A ratio; that XX cells obey inductive so- 
matic stimuli; and that both these signals act through Sxl 
to determine the sex of the germ line. The evidence for 
these statements is summarized in Table 4. 
The X:A Ratio Represents a Cell-Autonomous 
Genetic Signal 
The formation of spermatocytes by XY and X0 cells in ova- 
ries is clear evidence for cell-autonomous expression of 
the X:A ratio. Germ cells with two X chromosomes, how- 
ever, undergo spermatogenesis in testes. Two alternatives 
can explain this observation: one, the X:A ratio is the 
genetic signal that determines the sex of the germ cells, 
but XX cells can respond to a male-determining inductive 
signal that forces them to initiate spermatogenesis in a 
male environment; two, the sex of XX and XY (X0) germ 
cells is male, and XX cells require the inductive signal 
from an ovary to enter the female pathway; XY and X0 
germ cells are insensitive to this signal. 
XX germ cells have been observed to enter spermato- 
genesis not only after pole cell transplantation, but also 
in pseudomales. These are XX animals whose somatic 
cells are sexually transformed into male by mutations at 
sex-determining genes, such as tra, Pa-2, or dsxD; as 
shown by pole cell transplantation, these mutations have 
no effect in the germ line (Marsh and Wieschaus, 1978; 
Schiipbach, 1982). The testes of such pseudomales may 
contain spermatocytes and, rarely, even spermatids and 
sperm. But, and this is now important, these testes may 
also contain oogenic stages, clearly recognizable as cysts 
with nurse cells and an oocyte (Seidel, 1963; R. Nbthiger, 
M. Jonglez, M. Leuthold, f? Meier-Gerschwiler, and T We- 
ber, unpublished data). Oogenesis by XX cells in testes of 
pseudomales, and spermatogenesis by XY cells in ova- 
ries, suggest that the germ cells have an inherent genetic 
sex which they can express autonomously. According to 
this hypothesis, germ cells of genotype XX and XXY are 
forced into the male pathway in a male environment. This 
is done very efficiently in XY hosts in which we never ob- 
served any oogenic stages, but pseudomales are less ef- 
fective with their inductive signal. It thus appears that the 
soma of pseudomales provides an environment that is not 
perfectly male. This is also supported by the finding that 
XY pole ceils, when transplanted into pseudomale hosts, 
do not develop functional sperm (Marsh and Wieschaus, 
1978), or only very rarely (Schtipbach, 1985; H. Schmid, 
unpublished data). But the data are also compatible with 
the second hypothesis. We then have to assume that the 
testes of pseudomales are still somehow “female” and 
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capable of giving a weak female-determining signal that 
enables some XX cells to enter oogenesis. Since experi- 
ments to distinguish between the two alternatives are 
presently not possible, we will treat both hypotheses as 
equivalent. 
If the male environment produces an inductive signal, 
it must emanate from the testicular soma. This statement 
is based on observations with sexually mosaic flies, such 
as gynandromorphs (Szabad and Fajszi, 1982) and 
triploid intersexes (genotype 2X:3A) (Lauge, 1969). These 
are animals that are randomly composed of male and fe- 
male tissue. If the inductive influence came from non- 
gonadal somatic tissue, the XX germ cells in gynandro- 
morphs, and in particular the genetically more labile 
2X:3A germ cells in the triploid intersexes, should respond 
by initiating spermatogenesis. This was not observed. 
Rather, a normal ovary with mature eggs can develop side 
by side with testicular and other male somatic tissue. This 
rules out long-range or humoral influences and leaves us 
with the notion that it is the intimate contact to the testicu- 
lar somatic cells that induces the germ cells to enter the 
male pathway. No corresponding argumentation can be 
made for the second hypothesis, which postulates a 
female-determining signal. 
Both Signals, the X:A Ratio and the Inductive 
Factor, Act through Sxi 
When germ cells with two X chromosomes are homozy- 
gous for Sxlr and thus lack a functional Sxl gene, they en- 
ter spermatogenesis in ovaries (Table 3A). But when they 
carry the constitutive allele SxPl, they enter oogenesis 
even in testes (Table 36). Thus, Sxl activity is required for 
cells to enter the female pathway, and the constitutive mu- 
tation SxP1 enables XX germ cells to escape the testicu- 
lar induction, or to enter oogenesis even in absence of a 
female-determining signal. These two results demon- 
strate that Sxl is necessary and sufficient to direct XX 
germ cells into the oogenic pathway. We conclude that the 
Sxl+ function that determines the sex of the germ line is 
not expressed, or at least not sufficiently expressed, in 
wild-type XX germ cells when these develop in testes 
where they enter the spermatogenic pathway. This leads 
to the further conclusion that the inductive influence of the 
testicular soma results in repression of Sxl in XX germ 
cells, or alternatively, that the Sxl genes in XX germ cells 
are activated by an inductive signal emanating from so- 
matic female tissues. 
The data obtained with germ cells with an X:A ratio of 
0.5 are more difficult to evaluate. Sxl”l is ineffective in 
shifting germ cells of X0 genotype into the female path- 
way. It has been shown previously that X, SxlMIN pole 
cells develop into functional sperm in a testis (Cline, 
1983), and our results confirm that germ cells of genotype 
X, SxlM1/O form immotile sperm in a testis and thus be- 
have like X, Sxl+/O. But even in an ovary, SxlM1 does not 
prevent X0 germ cells from entering spermatogenesis. 
This means either that activity of Sxl is not sufficient to dic- 
tate the female pathway to X0 or XY germ cells, or that 
SxP is not really constitutively active, or not active to a 
sufficient level, in X0 or XY germ cells. This is in line with 
the observation that even in somatic cells SxP’ is not 
capable of dictating the female pathway to all X0 or XY 
cells (Cline, 1979; Gergen, 1987). This suggests that activ- 
ity of SxP is still somehow influenced by the X:A ratio. 
Recent experiments show that SxP can in fact come un- 
der the exclusive control of the X:A ratio when the function 
of the gene liz is abolished (Steinmann-Zwicky, 1988). We 
therefore consider it likely that germ cells of genotype X, 
SxlM1/O fail to enter oogenesis because this mutation is 
not, or not fully, constitutive in germ cells with only one X 
chromosome. 
Why Is Spermatogenesis of XX Germ 
Cells Abortive? 
The reasons why oogenesis in a testis and spermatogene- 
sis in an ovary are abortive are probably trivial. The gona- 
dal and humoral environment may simply be inadequate 
to support heterosexual gametogenesis. In males, for ex- 
ample, no yolk polypeptides are made, nor is the cluster 
of nurse cells and the oocyte surrounded by follicular epi- 
thelial cells. 
But why do XX and XXY germ cells fail to complete the 
initiated spermatogenesis in the perfect environment of a 
testis? When the XX cells carry Sx/+, one could argue 
that this gene expresses a residual activity that prevents 
development beyond the spermatocyte stage. But XX 
germ cells that are homozygous for the amorphic Sxlfl al- 
lele are also blocked at the spermatocyte stage (Table 3B). 
Thus, the developmental arrest must result from a dis- 
crepancy between the cell’s karyotype and the inappropri- 
ate sexual pathway imposed on it. Similarly, in the mouse, 
XX germ cells can develop along the male pathway, but 
the cells degenerate perinatally due to some effect of the 
two X chromosomes (McLaren, 1985). Lifschytz and 
Lindsley (1972) compiled evidence suggesting that the X 
chromosome of XY animals must be inactivated during a 
phase of spermatogenesis, and Lifschytz (1972) proposed 
that XX germ cells are unable to inactivate both their X 
chromosomes. Alternatively, it could be that dosage com- 
pensation does not operate in spermatogenesis so that 
cells with two X chromosomes suffer from overexpression 
of X-linked genes. If the male testicular soma represses 
the function of Sxl that determines the sex of the germ line, 
it may also inactivate the genes function that regulates 
dosage compensation. Alternatively, both functions may 
not become active in absence of a female-determining 
signal. Compatible with this view is the observation that 
XX germ cells, whether they are wild-type or deficient for 
Sxl, differentiate in a very similar way in a testis. 
XY and XX Pole Cells Are Integrated and 
Develop in Gonads of the Opposite Sex 
This statement is based on the data contained in Tables 
2 and 3. Why did earlier investigations fail to see heter- 
osexual combinations of germ line and soma? 
In all previous experiments (Illmensee, 1973; Van 
Deusen, 1976; Marsh and Wieschaus, 1978; Schiipbach, 
1982, 1985; Cline, 1983), pole cells were transplanted into 
hosts that had a germ line of their own. The donor germ 
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cells thus had to compete with the perfectly adapted germ 
cells of the host. 
It is possible that the relatively few heterosexual donor 
cells succumbed to competition and were effectively elim- 
inated from the germ cell population or were at least 
prevented from developing up to sexually identifiable 
stages. Cell competition in the germ line has been demon- 
strated before for mosaic females composed of triplo-X 
and diplo-X cells (Schiipbach et al., 1978). In her careful 
study, Schiipbach (1985) never detected any XY germ 
cells in ovaries of adult hosts, and she concluded that 
these cells must have been eliminated at some time dur- 
ing development. 
A second hypothesis as to why heterosexual combina- 
tions were not observed postulated a sexual incompatibil- 
ity between the soma of the host and the germ line of the 
donor (Van Deusen, 1976; Gehring et al., 1976). This view 
was taken even further by Oliver et al. (1987) who ob- 
served that females homozygous for the mutation ovo- 
were agametic; the pole cells were apparently lost during 
early embryogenesis and never entered the gonadal an- 
lage. Male embryos are not affected by ovo-. The authors 
speculated that germ cells lacking the ovo gene product 
might be “male-like” and that male cells are somehow 
prevented from entering the female gonadal soma. To test 
this hypothesis, we constructed animals of the genotype 
X, ovo-/X, ovo-; tra/tra. These flies developed as pseudo- 
males with small testes that were completely agametic. 
Thus, XX germ cells that lack ovo are eliminated irrespec- 
tive of the phenotypic sex of the gonad. 
Using agametic hosts derived from oskar mothers, we 
have excluded any possible competition between host 
and donor germ cells. Under these experimental condi- 
tions, both heterosexual combinations occur. The number 
of female hosts with XX germ cells was the same as that 
of female hosts with XY spermatocytes (Table 2). This 
shows that the ovarian soma does not interfere with the 
incorporation and development of male XY germ cells. XX 
cells in testes, however, are not found as often as XY cells. 
It is possible that these cells are sick because they are un- 
able to perform dosage compensation, and thus are han- 
dicapped and sometimes eliminated. If the testicular male 
inductive signal represses the function of Sxl that is re- 
quired to lower the rate of X-chromosomal transcription to 
a level appropriate for female cells, or if a female signal 
is required to activate this function, such a result would in 
fact be expected. In comparison with previous work, how- 
ever, we want to stress the point that XX cells can integrate 
and develop in a testis, even if their viability may be lower 
than that of XY cells. In conclusion, our data demonstrate 
that there is no principal incompatibility between the soma 
of one sex and the germ line of the other sex. 
Evolutionary Perspectives 
The analysis of genetic mosaics has established that most 
developmental decisions in Drosophila are determined by 
cell-autonomous genetic information. Nonautonomy in 
sex determination of the germ line therefore may come as 
a surprise. Investigations in other species, however, show 
that inductive determination of the sex of the germ cells 
by the gonadal soma is quite common. In sciarid flies, e.g., 
Sciara ocellaris, this is the natural way (Mori and Peron- 
dini, 1980). This species uses preferential nondisjunction 
and selective elimination of X chromosomes to create a 
situation in which the somatic cells of males are X0, those 
of females are XX, and the germ cells in the gonadal anla- 
gen of both sexes are XX. In a female gonad, these XX 
germ cells form oocytes; in a male gonad, they complete 
spermatogenesis. In the blowfly Chrysomyia rufifacies, 
transplanted pole cells form functional eggs or sperm de- 
pending only on the sex of the host (Ullerich, 1984). We 
suspect that the same nonautonomous mechanism also 
operates in the housefly Musca domestica in which, con- 
trary to Drosophila, animals that are sexually transformed 
by a mutation are fertile(Inoue and Hiroyoshi, 1986). In the 
hermaphroditic nematode C. elegans, XX germ cells form 
functional oocytes and sperm within one and the same an- 
imal (Kimble, 1987). In the mouse, the testicular soma is 
necessary to dictate spermatogenesis to XY germ cells, 
which in an ovary or in adrenal glands initiate oogenesis 
(McLaren, 1983; Zamboni and Upadhyay, 1983; Hogg and 
McLaren, 1985). 
Thus, in many species, the germ cells use an inductive 
signal for sex determination. This is still clearly demon- 
strable in the more primitive Dipteran insects. In Drosoph- 
ila, the somatic sex-determining signal can be considered 
an evolutionary remnant in a species that is heading to- 
ward cell-autonomous genetic sex determination of the 
germ line. 
Experimental Procedures 
Production of Pseudofemales 
Pseudofemales of XY karyotype were produced by crossing females 
that carried one copy of the transforming vector hs-fra-female 
(McKeown et al., 1988) to males of genotype I%%, ysld SC* dm BY 
Phenotypically female progeny that do not display the dominant 
marker B are of karyotype XY. - Pseudofemales of karyotype X0 were 
obtained-by crossing FM@+; hs-tra-female/+ 10 males with a com- 
pound XY chromosome (XYs.YL, y su(wa) ti.y%). The resulting 
pseudofemales carried either the FM6 balancer or the wild-type X 
chromosome. The crosses were done at 25%. At this temperature, one 
copy of hs-tra-female is capable of imposing the female pathway on XY 
or X0 animals. 
Transplantation of Pole Ceils 
The technique of Van Deusen (1976) was followed, except that the sy- 
ringe and the glass micropipette were filled with Voltalef 35 fluorocar- 
bon oil. Donor eggs were collected at 25% for 3 hr, and host eggs at 
WC for 6 hr on standard Drosophila medium (cornmeal, sugar, agar, 
yeast, Nipagin). Between 5 and 15 donor pole cells, deriving from a sin- 
gle embryo, were injected into the posterior pole of a single host em- 
bryo. The injected embryos were kept at WC until the larvae hatched; 
these were then transferred into vials with fresh fwd and raised at 
25% 
Fly Stocks and Crosses 
Host embryos were produced by females that carried two different pp 
OS/? es chromosomes. Such females were obtained by crossing two 
separate stocks of genotype pp osk30’ eS/TM3. Sb Ser. From this cross, 
pp OS/@ eS virgins were collected and mated with wild-type Oregon 
R males. This procedure guaranteed a high viability of host embryos. 
The mutation oskW1 (oskar) is a temperature-sensitive hypomorphic 
allele of a gene that controls posterior segmentation. At 18% it causes 
complete absence of pole cells in all embryos that derive from homozy- 
gous osk mothers (Lehmann and Niisslein-Volhard, 1986). Such em- 
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bryos are somatically normal and are ideal hosts because the develop- 
ment of transplanted pole cells can proceed, and be observed, without 
interference by the host’s own pole cells. 
Donor embryos were obtained from crosses that are given in the 
legends to Tables 2 and 3. The parents carried mutations that allowed 
us to infer the karyotype (XX or XV) of the transplanted @e cells from 
the phenotype of progeny in case the hosts were fertile. XY symbolizes 
a compound chromosome in which an X and a Y chromosome became 
attached to a single centromere. For genetic symbols, see Lindsley 
and Grell (1968) and Lindsley and Zimm (1985); for Sxlfl and SxIM1 
see Cline (1978). 
Criteria Used to Determine the Karyotype and the Phenotypic 
Sex of the Developing Germ Cells 
When the host embryos had developed into adult flies, they were indi- 
vidually mated to appropriately marked test partners (see legends to 
Tables 2 and 3); in a few instances, they were dissected without prior 
mating test. 
The adult hosts were dissected, and their gonads were placed in a 
drop of Ringer’s solution under a cover slip. Some of the solution was 
then carefully sucked away until the tissues had flattened. The prepa- 
ration was immediately inspected and analyzed with phase-contrast 
microscopy. Females were kept for at least 3 days before their ovaries 
were isolated. Males were analyzed within 24 hr because germ cells 
of certain genotypes rapidly start to degenerate in testes. 
The sex of the germ cells was identified by morphological criteria. 
Wild-type egg chambers consist of 15 polyploid nurse cells and one 
diploid oocyte. The oocyte has a clear nucleus with a prominent, dark 
nucleolus while the nuclei of the nurse cells are larger with multiple 
nucleoli (see King, 1970, and our Figure ID). In testes, germ cells were 
classified as oogenic only when clusters of 15 nurse cells and an oo- 
cyte were present. This stringent criterion ensured that degenerating 
spermatocytes were not scored as nurse cells. 
Advanced stages of spermatogenesis were easily identifiable when 
spermatids or sperm were present. A spherical nucleus with a di- 
ameter of some 15 to 20 urn, a light center in the nucleolus, and the 
assembly of mitochondria around the nucleus identified spermato- 
cytes (Meyer et al., 1961; Seidel, 1963; Cooper, 1965). In the absence 
of a Y chromosome, spermatocytes form so-called crystals (Meyer et 
al., 1961) that serve as a reliable criterion for spermatogenesis. The 
crystals have the shape of needles or stars (Figure 1). depending on 
the allelic state of Stellete (Sfe), a locus on the X chromosome (Hardy, 
1980; Hardy et al., 1984; Livak, 1984). Our balancer chromosome FM6 
carries the allele for star-shaped crystals, which is dominant over the 
allele for needle-shaped crystals present on all other X chromosomes 
used in our experiments. The presence and shape of crystals formed 
an important criterion to identify the sex, the karyotype, and the geno- 
type of our transplanted pole cells. 
Acknowledgments 
We are grateful to Claudia Oelschlager for technical assistance, to 
Margrit Eich and Eva Niederer for help with the photographs, and to 
Susan Hohl for typing the manuscript, We thank Dr. Michael McKeown 
for his generous gift of a stock carrying the hs-fra-female construct, 
and Dr. Andreas Diibendorfer and Res Hilfiker for comments on the 
manuscript. The work was supported by the Swiss National Science 
Foundation and the Stiftung fiir wissenschaftliche Forschung an der 
Universitat Ziirich. 
The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
Received November 14, 1988; revised January 17, 1989 
References 
Baker, B. S., Nagoshi, R. N., and Burtis, K. C. (1987). Molecular 
aspects of sex determination in Drosophila. Bio Essays 6. 66-70. 
Boggs, Ft. T., Gregor, P, Idriss, S., Belote, J. M., and McKeown. M. 
(1987). Regulation of sexual differentiation in D. melanogaster via alter- 
native splicing of RNA from the transformer gene. Cell 50, 739-747. 
Cline, T. W. (1978). Two closely linked mutations in Drosophila me/an@ 
gas&v that are lethal to opposite sexes and interact with daughterless. 
Genetics 90, 683-698. 
Cline, T W. (1979). A male-specific lethal mutation in Drosophila melan- 
ogaster that transforms sex. Dev. Biol. 72, 266-275. 
Cline, T. W. (1983). Functioning of the genes daughterless (da) and Sex- 
lethal (Sxl) in Drosophila germ cells. Genetics 704, ~16-17. 
Cline, T. W. (1984). Autoregulatory functioning of a Drosophila gene 
product that establishes and maintains the sexually determined state. 
Genetics 707, 231-277. 
Cooper, K. W. (1965). Normal spermatogenesis in Drosphile. In Biology 
of Drosophila, M. Demerec, ed. (New York: Hafner Publishing Com- 
pany), pp. 1-61. 
Gehring, W. J., Wieschaus, E., and Holliger, M. (1976). The use of “nor- 
mal” and “transformed” gynandromorphs in mapping the primordial 
germ cells and the gonadal mesoderm in Drosophila. J. Embryol. Exp. 
Morph. 35, 607-616. 
Gergen, J. P. (1987). Dosage compensation in Drosophila: evidence 
that daughterless and Sex-lethal control X chromosome activity at the 
blastoderm stage of embryogenesis. Genetics 777, 477-485. 
Hardy, R. W. (1980). Crystal aggregates in the primary spermatocytes 
of X0 males in Drosophila melanogesfer. Dros. Inf. Serv. 55, 54-55. 
Hardy, R. W., Lindsley, D. L., Livak, K. J., Lewis, B., Silversten. A. L., 
Joslyn, G. L.. Edwards, J., and Bonaccorsi, S. (1984). Cytogenetic 
analysis of a segment of the Y chromosome of Drosophila melanogas- 
ref. Genetics 707, 591-610. 
Hogg, H., and McLaren, A. (1985). Absence of a sex vesicle in meiotic 
foetal germ cells is consistent with an XY sex chromosome constitu- 
tion. J. Embryol. Exp. Morphol. 88, 327-332. 
Illmensee, K. (1973). The potentialities of transplanted early gastrula 
nuclei of Drosophila melanogaster. Production of their imago descen- 
dants by germ-line transplantation. Roux’s Arch. Dev. Biol. 777, 
331-343. 
Illmensee, K. (1978). Drosophila chimeras and the problem of determi- 
nation. In Results and Problems in Cell Differentiation, Volume 9: 
Genetic Mosaics and Cell Differentiation, W. J. Gehring, ed. (Ber- 
lin/Heidelberg: Springer-Verlag), pp. 51-69. 
Inoue, H., and Hiroyoshi, T. (1986). A maternal-effect sex-transforma- 
tion mutant of the housefly, Musca domestica L. Genetics 772, 469- 
481. 
Kimble, J. (1987). Genetic control of sex determination in the germ line 
of C. e/egans. In Results and Problems in Cell Differentiation, Volume 
15: Spermatogenesis: Genetic Aspects, W. Hennig, ed. (Ber- 
lin/Heidelberg: Springer-Verlag), pp. 117-128. 
King, R. C. (1970). Ovarian Development in Drosophila melanogaster 
(New York: Academic Press). 
Lauge, G. (1969). Etude des gonades des intersexues triploides de 
Drosophila melanogaster. Description morphologique. Ontogenese 
des structures histologiques. Ann. Sot. Entr. Fr. 5, 253-314. 
Lehmann, R., and Niisslein-Volhard, C. (1986). Abdominal segmenta- 
tion, pole cell formation, and embryonic polarity requires the localized 
activity of oskar, a maternal gene in Drosophila. Cell 47, 141-152. 
Lifschytz, E. (1972). X-chromosome inactivation: an essential feature 
of normal spermiogenesis in male heterogametic species. In The 
Genetics of the Spermatozoon, R. A. Beatty and S. Gluecksohn- 
Waelsch, eds. (Edinburgh/New York: Proc. Int. Symp.), pp. 223-232. 
Lifschytz, E., and Lindsley, D. L. (1972). The role of X-chromosome in- 
activation during spermatogenesis. Proc. Natl. Acad. Sci. USA 69, 
182-186. 
Lindsley, D. L., and Grell, E. H. (1968). Genetic variations of Drosophila 
melanogester. Carnegie Inst. Wash. Pub. 627. 
Lindsley, D. L., and Zimm, G. (1985). The genome of Drosophila me- 
lanogaster. Dros. Inf. Serv. 62. 
Livak, K. J. (1984). Organization and mapping of a sequence on the 
Drosophila melanogaster X and Y chromosomes that is transcribed 
during spermatogenesis. Genetics 707, 611-634. 
Lucchesi, J. C., and Skripsky, T. (1981). The link between dosage com- 
pensation and sex differentiation in Drosophila melanogasrer. Chromo- 
soma 82, 217-227. 
Cell 
166 
Marsh, J. L., and Wieschaus, E. (1976). Is sex determination in germ 
line and soma controlled by separate genetic mechanisms? Nature 
272, 249-251. 
McKeown, M., Belote, J. M., and Boggs, R. T. (1988). Ectopic expres- 
sion of the female bansformer gene product leads to female differentia- 
tion of chromosomally male Drosophila. Cell 53, 887-895. 
McLaren, A. (1983). Does the chromosomal sex of a mouse cell affect 
its development? Symp. Brit. Sot. Dev. Viol. 7, 226-227. 
McLaren, A. (1985). Relating of germ cell sex to gonadal differentiation. 
In The Origin and Evolution of Sex, (New York: Alan R. Liss), pp. 
289-300. 
Meyer, G. F, Hess, 0.. and Beermann, W. (1961). Phasenspezifische 
Funktionsstrukturen in Spermatocytenkernen von Drosophila melano- 
gasrer und ihre Abhangigkeit vom Y Chromosom. Chromosoma 12, 
676-716. 
Mori, L., and Perondini, A. L. P (1980). Errors in the elimination of X 
chromosomes in Sciara ocellaris. Genetics 94, 663-673. 
Ndthiger, Ft., and Steinmann-Zwicky, M. (1985). Sex determination in 
Drosophila. Trends Genet. 7, 209-215. 
Oliver, EL, Perrimon. N., and Mahowald, A. P (1987). The ova locus is 
required for sex-specific germ line maintenance in Drosophila. Genes 
Dev. 1, 913-923. 
Perrimon, N., Mohler, D., Engstrom, L., and Mahowald, A. P (1986). 
X-linked female-sterile loci in Drosophila melanogaster. Genetics 713, 
695-712. 
Salz, H. K., Cline, T W., and Schedl, P (1987). Functional changes as- 
sociated with structural alterations induced by mobilization of a P ele- 
ment inserted in the Sex-lethal gene of Drosophila. Genetics 177; 
221-231. 
Sanchez, L., and Nothiger, R. (1982). Clonal analysis of Sex-lethal, a 
gene needed for female sexual development in Drosophila melanogas- 
ter. Roux’s Arch. Dev. Biol. 197, 211-214. 
Sanchez, L., and Ndthiger, R. (1983). Sex determination and dosage 
compensation in Drosophile melanogasfer: production of male clones 
in XX females. EMBO J. 2, 485-491. 
Schijpbach, T (1982). Autosomal mutations that interfere with sex de- 
termination in somatic cells of Drosophila have no direct effect on the 
germ line. Dev. Biol. 89, 117-127. 
Schiipbach, T (1985). Normal female germ cell differentiation requires 
the female X chromosome to autosome ratio and expression of Sex- 
lethal in Drosophila melanogaster. Genetics 109, 529-548. 
Schijpbach, T, Wieschaus, E., and Nilthiger, R. (1978). A study of the 
female germ line in mosaics of Drosophila melanogaster. Roux’s Arch. 
Dev. Biol. 184, 41-58. 
Seidel, S. (1963). Experimentelle Untersuchungen iiber die Grundla- 
gen der Sterilitat von transformer (Va) Mannchen bei Drosophila me- 
lanogester 2. Vererbungsl. 94, 215-241. 
Steinmann-Zwicky, M. (1988). Sex determination in Drosophila: the 
X-chromosomal gene liz is required for Sxl activity. EMBO J. 7; 3889- 
3898. 
Szabad, J., and Fajszi, C. (1982). Control of female reproduction in Dro- 
sophila: genetic dissection using gynandromorphs. Genetics 100, 
61-78. 
Ullerich, F.-H. (1984). Analysis of sex determination in the monogenic 
blowfly Chrysomya rufifacies by pole cell transplantation. Mol. Gen. 
Genet. 193, 479-487. 
Van Deusen, E. B. (1976). Sex determination in germ line chimeras of 
Drosophils melanogaskx J. Embryol. Exp. Morph. 37, 173-185. 
Wolfner, M. (1988). Sex-specific gene expression in somatic tissues of 
Drosophila melanogaste~ Trends Genet. 4, 333-337, 
Zamboni, L., and Upadhyay, S. (1983). Germ cell differentiation in 
mouse adrenal glands. J. Exp. Zool. 228, 173-193. 
